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Abstract. In this review, peculiarities of the Gold nanoparticles synthesis on the solid support are
discussed. This article focuses on the recent developments in various methods for immobilization of gold nanoparticles on solid surface. Particular attention is given to the synthesis of
nanoparticles by Layer-by-Layer method and on the advances in the Successive Ionic Layer
Deposition (SILD) methodology. The present review summarizes SILD work in this field to date
and contributes a new experimental date for application SILD method in field of electrochemical
sensor design.
As an example the conditions of synthesis of gold nanoparticles on the surface of indium-tin
oxide (ITO) electrode are described in this article. It has been shown that the size of synthesized
nanostructures can be controlled by formation of intermediated layer. It was found that preliminary SILD synthesis of AuxSnO2.nH2O nanolayer on the ITO surface leads to significant changes
in the morphology of subsequently synthesized gold nanoparticles. In this case the same number of cycles provides the formation of significantly smaller (10-20 nm) nanoparticles and greater
surface coverage density. Electrodes obtained by this technique demonstrate lower oxidation
and reduction potentials of gold as well as higher currents of these reactions.

1. INTRODUCTION
The Gold nanoparticles sols had been known in the
17th century. Faraday was the first to present in
1857 a scientific paper on their properties and preparation [1]. At now, the Gold nanoparticles (AuNPs)
represent one of the most remarkable areas of modern nanoscience and nanotechnology. The unique
optical, catalytic, bio-functional properties of gold
colloids have attracted substantial interest in recent
years. Gold nanoparticles are one of the most promising materials as catalyst [2], sensor [3], biosensor [4], contrast agents [5], drug delivery agent [6,7],
smart nanomaterial [8,9] and other. The properties
and applications of AuNPs strongly depend upon
their size and shape. Many methods have been

developed to prepare of gold nanoparticles, varying
by shape and size [10-12]. For example, gold
nanoparticles can be synthesized using various
chemical and physical deposition techniques, such
as simple chemical reduction in solution [13], synthesis in hydrothermal conditions [14], two-phase
synthesis [15], sputtering [16], laser ablation [17],
evaporation [18], plasma synthesis [19], and other.
Many of chemical and physical methods, applicable
for synthesis and deposition of gold nanoparticles
(clusters) with average diameters from 5 to 150 nm,
were discussed in recent reviews [3,12,20].
The main aim of this paper is to give a brief overview of recent experiments on immobilization of Gold
nanoparticles on the various inorganic solid supports.
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2. APPROACHES TO GOLD
NANOPARTICLES
IMMOBILIZATION
In this context, an increasing attention is paid to
development of new facile techniques of preparing
of gold nanoparticles immobilized on the surface of
solid support. AuNPs synthesized on the surface
attract attention of many researchers because of
their unique properties and opportunities for various
applications [21,22]. It is known that gold
nanoparticles supported by metal oxides become
very catalytically active at certain cluster sizes. In
particular, gold nanoparticles deposited on electrode
surface have already found applications in chemical sensors, including gas sensors [23] and
biosensors [24].
Among the physical methods of synthesis on
surface the chemical vapor deposition (CVD) can
be used for the AuNPs forming. HAuCl4.3H2O [25]
or (CH3)3PAuCH3 [26] were used as precursors for
the CVD synthesis. The CVD is industrially used
technique for nanoparticles deposition on variety
substrates. However, the CVD method is expensive
and has limitations in the formation of clusters on
surfaces. The other physical methods, based on
temperature decomposition of precursors often led
to changes of the particle sizes. Wet methods have
no such limitations and that is why they started
attracting greater attention. The AuNPs on the surface of preformed silica microspheres have been
obtained by a sonochemistry method [27].
The methods of transfer of nanoparticles from
colloidal solution of them are widely used to immobilize gold nanoparticles onto the surface, for example self-assembly or Langmuir-Blodgett method
[28]. In this case solutions of colloidal particles with
certain size are used as precursors. The most
widely used method of chemical synthesis of gold
nanoparticles in solution is the Turkevich-Frens
method based on the classic citrate reduction of
gold (III) derivatives [29]. Another popular method
for AuNPs synthesis is Brust-Schiffrin method [15].
The gold precursors are reduced by sodium borohydride (NaBH4) in an organic solvent using either a
two-phase liquid/liquid system or a suitable singlephase solvent. Surface-active additives usually are
used to control a particle shape and size in process of the wet synthesis [30,31]. Typical ligand
molecules for gold nanoparticles in solution are
amines, phosphines, thiolates and other sulfur-containing organic reagents. Among them thiolates are
the most investigated ligand molecules. However, it
was found that additives used for the AuNPs size
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stabilization were the source of sulfur and other
impurities. These impurities together with chlorine
ions from common precursor HAuCl4 can be incorporated in the synthesized gold nanoparticles and
adversely affect their functional properties.
The deposition-precipitation (DP) method is widely
used for preparing of powder catalysts with AuNPs
[32]. A typical procedure for this synthesis is as
follows. The nominal amount of aqueous solution of
HAuCl4 is added into a solution containing suspended oxide support. Then the NaOH (or NH4OH)
solution is brought to the required pH in suspended
solution. After aging the precipitate is recovered,
exhaustively washed to remove Cl- ions and reduced
to form AuNPs. As result of such treatment it is
possible to obtain small gold metal particles with
average sizes 1-3 nm on the silica, zirconia, titania,
and alumina supports [33-35].
An important rout in the formation of AuNP on
the surface was achieved recently with the layerby-layer (LbL) method [36,37]. In 1966 for the first
time Iler reported the formation of layer on the support by alternating deposition of positively and negatively charged colloid particles [38]. A similar technique could be used not only to colloid particles.
The LbL method based on fabrication of
nanostructured films through specific interactions
of structural units at the support surface [39-41].
LbL theoretical aspects were studied to understanding the driving forces responsible for the formation
of layers in recent years. The driving force is based
on electrostatic interactions between charge ions
and particles, covalent bonding, hydrophobic interactions, coordination bonding, Van der Waals forces
and hydrogen bonding [42].
Many works have been published about the synthesis of nanogold using of the LbL method for multiplex applications involving sensors and biosensors
[43,44]. LbL growth of multilayers on surfaces,
where AuNPs are included in layer composition, has
been demonstrated by several groups [45-47].
Nanolayers with AuNPs obtained by LbL method
usually contain polyelectrolyte molecules which
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substrate and nanoparticles, and other substances,
including carbon nanotubes, graphene, chitosan,
polyoxometalate and other [48-52]. Usually the colloidal solutions of AuNPs, stabilized by surfactant
molecules are used as precursors in synthesis of
the multicomponent layer by LbL methodology.
One should also take into account that many of
indicated above additives such as thiols and others
stabilizers are toxic. Another problem with AuNPs
immobilization on the surface is the removal of or-
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ganic molecules of surfactants from the layer of gold
nanoparticles. Generally a heat treatment is used
to remove indicated above additives, therefore an
agglomeration of nanoparticles takes place at times.
As a result, there are difficulties with controlling both
the cluster size, and the adhesion of coatings
formed.

3. SUCCESSIVE IONIC LAYER
DEPOSITION TECHNOLOGY.
The Successive Ionic Layer Deposition (SILD)
method [53-56] is one of LbL technologies. The synthesis by SILD is performed without the use of polyelectrolyte solutions and in such a way makes it
possible to simplify the procedure significantly and
get the coating that contain only inorganic compounds, which is important in many cases. SILD
technology, described in the present article, also
refers to the chemical deposition methods and therefore this technique has all advantages of wet chemical methods designed for AuNPs synthesis. In addition, SILD methodology, because of its specificW
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the particle size; SILD methodology is a multi-step
process, wherein the size control of deposited particles can be achieved by multiple repetitions of
chemical treatments. Previously, a series of highperformance gas sensors based on SnO2 was developed using this method [57-60]. The optimal conditions for the synthesis of Au x SnO 2 . nH 2 O
nanocomposite layer were found in [61]. The gold in
the indicated composite is in the metallic state. It
is shown that as a result of successive treatments
the nanocomposite layer with a Sn/Au ratio varying
from 1:1 to 6:1 can be formed on the solid surface.
The size of the Au clusters incorporated in the SnO2
matrix is in the range from 3 to 15 nm. Gas sensing
characteristics of SnO2 films modified by SnO2p3c
nanocomposites are discussed as well as. In [62] it
is shown that surface modification by SnO2p3c
nanocomposites can be used for improving operating characteristics of conductometric SnO2-based
gas sensors, namely a conductivity response to
such reducing gases as CO and H2.
The ability of SILD technology to synthesize
AuNPs on the surface of tin (IV) oxide and indium
(III) oxide films is discussed in [63]. It is shown that
during the treatment of the surface of tin (IV) oxide
and indium (III) oxide films by SILD procedures,
conditions can be realized under which the size of
gold nanoclusters may be controllably varied beb
eSS p) [O R+ [

Detailed analysis of the results obtained in the
field of immobilization AuNPs allowed us to summarize the most important peculiarities of this.
Firstly, the traditional approach using a colloidal
solution of nanoparticles as reagent leads to formation of AuNPs surrounded by surfactant molecules.
It is useful for achievement a required functionality
of particles for particular applications, for example
in biomedicine. At the same time, contamination of
the active surface of the particles is disadvantageous
for other applications, such as sensor design. It is
important that gold clusters having size in indicated
range can be received without using any surfactants
by SILD. This means that SILD method can be used
for purposes that require the presence of gold
nanoclusters with desired size on the inorganic oxide surface, in particular in catalysis and gas sensor applications. Secondly, for activation of the inorganic oxide/Au system it should be annealed at a
b
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5without aggregation of
AuNPs. Thirdly, at the same time, the synthesized
particles should be uniformly dispersed on surface
of oxide support. One should note that the advantages SILD method include precise control of the
size of formed AuNPs. Fourthly, the selection of
appropriate support oxides is also required to
achievement of reactivity of AuNPs [64]. We believe
that this problem is of interest, because the peculiarities of AuNP deposition on various inorganic
surfaces still present a great challenge.
The second objective of this paper is to investigate the effect of previously synthesized layer on
the morphology of gold nanoparticles forming by
SILD method.

4. EXPERIMENTAL
4.1. Chemicals and instruments
The morphology of synthesized nanoparticles was
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microscope. UV-vis absorption spectra were obtained using Perkin-Elmer Lambda 9 spectrophotometer. Electrochemical measurements were carW
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(Elins, Russia). Electrochemical cell consisted of a
working ITO electrode, silver chloride reference electrode (SCE) and platinum counter electrode. The
working electrode was indium-tinoxide layer with 100
nm thickness and 20 Ohms resistance obtained by
magnetron dispersion method on a glass surface.
H2SO4 used for the electrochemical measurements
were supplied from Vekton and Aldrich, their purity
was 99.5%. NaBH4 (99%), SnF2 (99%) received
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from Sigma Aldrich, and HAuCl4.nH2O (49.47% of
Au) from Aurat Ltd. were used for the SILD synthesis. All solutions were made using deionized water
with resistivity not less than 18 M cm at 298K (D301 deionizer, Akvilon, Russia).
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voltammetry. The cyclic voltammetric scans started
from 0 V to +1.5 V and then back to 0 V vs. SCE at
50 mV/s were obtained in 0.1 M sulfuric acid solution.

5. RESULTS AND DISCUSSION
4.2. SILD synthesis
Immediately before the synthesis of gold
nanoparticles the substrate was washed in acetone
in ultrasonic bath for removal of contaminants. Then
the substrate was kept in hydroalcoholic (1:1)
NH4OH solution (pH 7-8) for 1 hour in order to achieve
the wettability of the surface by aqueous solutions.
The SILD synthesis of gold nanoparticles on ITO
surface was performed by the technique described
elsewhere [63]. The substrate was treated many
times by means of serial immersion in 0.001 M
HAuCl4 solution and 0.01 M NaBH4 solution, which
acted as a reducing agent. The rinsing of the substrate with deionized water after each step of the
treatment was obligatory. Thus, one SILD cycle
consisted of the immersion of the substrate into
HAuCl4 solution, rinsing the substrate with water,
immersion into NaBH4 solution and rinsing with water
again. The duration of the treatment in solution was
30-60 sec. and the number of synthesis cycles varied from 4 to 12 according to the experimental tasks.
Two batches of electrode samples were produced.
The first batch consisted of electrodes obtained afb
S
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R
nanoparticles on ITO substrate. The samples of this
batch were marked as Au(n4), Au(n6), Au(n8), etc.,
the numeral indicating the number of SILD cycles.
The second batch of electrode samples was similar
to the first one, but AuxSnO2.nH2O layer was synthesized on ITO substrate surface prior to gold
nanoparticles synthesis. The layer of AuxSnO2.nH2O
was obtained by three SILD cycles, 0.01 M SnF2
solution and 0.001 M HAuCl4 solution used as reagents [61]. The samples of the second batch were
marked as AuxSnO2(n3)-Au(n4), AuxSnO2(n3)Au(n8), etc. The numerals also indicate the numbers of SILD cycles used for AuxSnO2 and gold
nanoparticles synthesis respectively. After the synthesis, the obtained electrodes were kept for 5-10
minutes in deionized water and then they were dried
T
] ) [Wcb
SaWO(+ j
5]d
S c RS b
VSOWOb
[]
sphere.

4.3. Electrochemical measurements
Electrochemical studies of the electrodes with the
synthesized layers were carried out using cyclic

5.1. SILD synthesis and
characterization of the gold
nanoparticles
As a result of SILD synthesis on the surface of ITO
electrode gold nanoparticles are formed (Fig. 1).
Concerning morphology of the ITO electrode it can
be concluded that it is formed by crystal with diameters of 20-50 nm (Fig. 1a). Fig. 1b presents a microphotograph of the electrode after 8 SILD cycles.
Evenly located nanoparticles with the average diameter of 40-50 nm are observed on the surface. As
a result of AuxSnO2.nH2O synthesis a nanocomposite
layer consisting of amorphous tin oxide and gold
nanoparticles with diameter of 10-50 nm is formed,
see Fig. 1c. The morphology of gold nanoparticles
synthesized on the surface of this layer (Fig. 1d)
significantly differs from morphology of gold
nanoparticles obtained on the bare ITO electrode,
the surface of AuxSnO2(n3)-Au(n8) sample being
covered with aggregated nanoparticles.
These aggregates of gold nanoparticles, which
eSQO QOZ
ZnQZ
cab
Sao, are 100-400 nm in diameter. As seen in histograms of particle size distribution of Fig. 2b, the diameter of the majority of
nanoparticles does not exceed 20 nm in this case.
Investigation of the synthesized samples by UVvis absorbance spectroscopy (Fig. 3) confirms the
above results. UV-vis spectrum of Au(n8) sample
shows a peak at 540 nm corresponding to the surface plasmon resonance (SPR) of gold nanoparticles
with a diameter of 30-60 nm [65]. The spectrum of
AuxSnO2(n3)-Au(n8) sample demonstrates the SPR
peak situated at a lower wavelength (535 nm) indicating the presence of smaller nanoparticles than
in Au(n8) sample. Furthermore, a broad absorption
band is observed at 985 nm which can be attributed
to the absorbance of clusters of gold nanoparticles
according to [66]. It should be noted that no shifting
of SPR peaks is observed during the heating of the
samples confirming the stability of the synthesized
O ] Ob
W
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h
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Significant changes in the morphology of Au(n8)
and AuxSnO2(n3)-Au(n8) samples can be explained
by the presence of the preliminary synthesized
AuxSnO2t:2A Z
Og
S aSS8W
U ; QOaS]Tb
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route in Fig. 4, first cycle of SILD treatment of the
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Fig. 1. SEM images of the ITO films modified by gold nanoparticles deposited by SILD method: (a pWW
b
W
OZ
sample (b p3c .1c p3cxSnO2(n3), (d p3cxSnO2(n3)-Au(n8).

Fig. 2. Histogram of size distribution of gold nanoparticles on the surface of ITO substrate: (a p3c .1
(b) - AuxSnO2(n3)-Au(n8).

Fig. 3. GHpd
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(a) pAu(n8) before
(1) and after (2) thermal treatment; (b) p3cxSnO2(n3) (1), AuxSnO2(n3)-Au(n8) before (2) and after (3) calcination.
surface results in the synthesis of gold nanoparticles
at the active sites of the ITO surface, which has a
polycrystalline structure. In agreement with [63], the
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Fig. 4. Model of the formation of gold nanoparticles on the surface of ITO films during the SILD process.
are then adsorbed on the surface of amorphous
SnO 2t:2O layer and on the surface of gold
nanoparticles included in this layer. We believe that
amorphous structure of SnO2t:2O layer provides
more uniform distribution of adsorbed ions and
smaller size of the synthesized nanoparticles. Gold
nanoparticles from the underlayer probably serve as
centers for clusters formation. The effect of smaller
gold nanoparticles migration during the heating of
the sample in the air should also be taken into account.
Fig. 5 depicts the results of electrochemical
study of the obtained electrodes. Recorded
voltammograms demonstrate that the electrode
modified with gold nanoparticles has larger effective
surface area than flat gold electrode or unmodified
ITO-electrode. According to the formula presented
elsewhere the values of effective surface area were
T
]c Rb
]PS -.m
)Q[2 for the flat gold elecb]RSO R /) m -+Q[2 for the modified ITO
electrode (AuxSnO2(n3)-Au(n8) sample). Obviously,
this increase in the specific surface area is caused
by the presence of a large quantity of gold
nanoparticles and by the formation of 3D aggregates
of these particles. In addition, the AuxSnO2t:2O
underlayer provides ohmic contact and relatively
good adhesion of gold nanoparticles to the electrode surface. Positions of Au0 oxidation peak (1.2
V) and Au+ reduction peak (0.9 V) are also important. Compared to gold flat electrode, these peaks
are shifted by 0.68 V and 0.7 V, respectively. These

data indicate the high electrocatalytic activity of the
synthesized gold nanoparticles. Similarly to [67],
the observed effect of electrocatalysis can be explained by the presence of a large number of Au
atoms directly on the surface of gold nanoparticles,
including the surface of planes (100) or (110) of their
crystalline structure [68].

6. CONCLUSION
Conducted analysis suggests that the immobilization of gold nanoparticles on inorganic surface is
not a trivial task and its solution requires a search
for new approaches to the formation of AuNPs with
required size and shape. The SILD method of synthesis of AuNPs is suitable to solve certain practical problems of sensor design.
ITO electrode surface treatment by SILD method
in HAuCl 4 and NaBH 4 solutions results in
nanoparticles formation. Preliminary SILD synthesis of AuxSnO2.nH2O layer leads to significant
changes in the morphology of subsequently synthesized gold nanoparticles. Samples obtained under these conditions are characterized by a significantly smaller gold nanoparticles size (within 10-20
nm in diameter) and their higher concentration per
surface unit. The synthesized gold nanoparticles
exhibit electrocatalytic properties which make the
modified electrode very attractive as a base for biosensor fabrication including screen-printed electrodes
technology [69]. The shift of gold dissolution potential in sulfuric acid proved the catalytic activity of
gold nanoparticles obtained by SILD method. The
proposed electrode modification technique allowed
us to increase the effective surface area of the electrode and therefore improve the analytical performance of the electrocatalytic sensor.
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